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Introduction:   
 
In recent years, various efforts have been made to enable the European standard decision 
support systems for management of contaminated areas to address uncertainties in different 
parts of the dose estimation framework, in order to provide more robust prognoses.  Under the 
European research project CONFIDENCE (COping with uNcertainties For Improved modelling 
and DEcision making in Nuclear emergenCiEs), the ERMIN model for external dose estimation 
in contaminated inhabited areas was revisited in this context. Although rough indications of 
parametric uncertainties associated with some ERMIN parameters have previously been 
indicated, it was clear that an effort was needed to systematically improve on the quality of 
these parameter uncertainty indications, taking the latest information into account and 
considering a wider range of case specific parametric options, thus reducing the overall 
prognostic uncertainty. 
    
Methods / results: 
 
In estimating external dose in a contaminated area, a number of calculation steps need to be 
carried out.  For instance in the early phase of an accident, where contamination levels have 
not yet been measured, as well as for the purpose of exercises, drills and training, 
contamination levels must be estimated by multiplying a time-integrated contaminant air 
concentration typically from an atmospheric dispersion model by the relevant deposition 
velocity to the surface in question in the inhabited environment.  Whether they were modelled 
or measured, contamination levels on the different types of surface can then be multiplied by 
conversion factors from contamination level to an average dose rate to a person living in a 
given type of environment, as well as time-integrated taking into account functions describing 
the decline in contamination level over time.  The product will be a time-integrated dose - e.g., 
a dose projected into the future, which can be used to get an overview of the severity of the 
situation, and, taking into account the effect of potentially implemented countermeasures, 
residual doses can be estimated, which constitute important information in connection with 
justification and optimization of intervention.  This paper describes work carried out to improve 
the ERMIN dose calculation parameterization and provide parametric uncertainties that can 
be applied in estimating endpoint uncertainties.  The focus is here on the deposition process 
and the decline in dose rate with time.  
 
Deposition   
The deposition is greatly dependent on the physicochemical properties of the contaminants 
and the types and orientations of the surfaces in the inhabited area to which the deposition 
occurs (Andersson, 2009).  It should thus first be considered which physicochemical forms the 
various likely contaminants from a major NPP (nuclear power plant) accident could be 
expected to have.  One of the most volatile contaminants (except noble gases) is iodine, which 
may be released in its elemental gas form (which has a very high deposition velocity to 
surfaces), in organic gas forms (where the deposition velocity is comparatively insignificant 
and thus in practice unimportant), and as condensed vapour on ambient aerosols, typically 
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resulting in an AMAD (activity median aerodynamic diameter) in the range of 0.5-1 µm, which 
would have an intermediate deposition velocity (Andersson, 2009).   
 
Chernobyl contaminants of certain elements were only released to the atmosphere in the form 
of comparatively large low solubility fuel particles, indicating that these would in general be 
expected to be highly refractory (undepleted from the fuel).  These elements  comprised 95Zr, 
95Nb, 140Ba, 140La, 141/144Ce, 237/239Np, 238-242Pu, 241/243Am and 242/244Cm (Hinrichsen & 
Andersson, 2019).   
 
Contrary to this, contaminants of the elements Cs, Te and Rb (and to some extent Sb and Mo) 
would on the basis of the Fukushima and Chernobyl accidents be expected to a great extent 
to be volatilised from the fuel, forming submicroneous condensation particles in the range of 
0.5-1 µm.  However, in connection with the Chernobyl accident, even at distances up to about 
50-60 km in some directions from the power plant, most of the deposited caesium was found 
to be in the form of large low solubility fuel particles.      
 
Ruthenium is different because it has a very high elemental boiling point (2700°C), which would 
in practically any thinkable incident scenario prevent it from being volatilised and depleted from 
fuel material.  However, in the presence of oxygen, it may be oxidised to a tetraoxide form, 
which is highly volatile (Hinrichsen & Andersson, 2019).  Ruthenium may thus be associated 
with both large low solubility fuel fragment particles and small soluble condensation particles 
as observed after the Chernobyl accident.  
 
Deposition relations on the different surfaces in the inhabited environment for particles of 
different sizes in the relevant range were derived from the current literature for different 
weather categories involving dry periods, periods of light rain and periods of strong rain.  An 
effort was made to also derive uncertainty estimates.  The results and the modelling 
background are reported in detail in Hinrichsen & Andersson (2019).   An example (for dry 
deposition) is shown in Table 1.  

Table 1. Values for deposition to different surfaces relative to that on the grassed reference 
surface, for situations when dry deposition dominates.  The term ‘sd’ denotes one standard 
deviation.  All distributions are assumed to be normal.  Values are given for elemental iodine 
gas and for particles with AMAD < 2 µm, 2-5 µm, 5-10 µm and 10-20 µm.   

Surface Elemental 
iodine 

AMAD  
< 2 µm 

AMAD  
2-5 µm 

AMAD  
5-10 µm 

AMAD  
10-20 µm 

Mean sd Mean sd Mean sd Mean sd Mean sd 
Short grass* 1.0 Ref. surf. 1.0 Ref. surf. 1.0 Ref. surf. 1.0 Ref. surf. 1.0 Ref. 

surf. 

Bare soil 0.6 0.4 0.3 0.15 0.3 0.15 0.17 0.10 0.23 0.12 

Soil and short grass* 1.0 - 1.0 - 1.0 - 1.0 - 1.0 - 

Small plants* 0.8 0.5 1.4 0.7 1.6 0.8 1.0 0.5 1.2 0.7 

Trees and shrubs* 0.4 0.25 2.5 1.2 4.3 2.5 1.7 1.2 1.5 1.1 

Paved area 0.2 0.1 0.25 0.15 0.75 0.35 0.3 0.15 0.3 0.25 

Clay tile roof 1.5 0.3 0.8 0.1 3.0 0.8 1.9 0.5 1.5 0.4 

Concrete tile roof 1.8 0.4 1.0 0.2 4.0 1.0 2.2 0.6 1.6 0.4 

Fibre cement roof 1.6 0.3 0.9 0.1 3.6 0.9 2.1 0.5 1.6 0.4 

Silicon covered fibre 
cement roof 

1.0 0.2 0.7 0.1 2.5 0.6 1.7 0.4 1.4 0.4 
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Surface Elemental 
iodine 

AMAD  
< 2 µm 

AMAD  
2-5 µm 

AMAD  
5-10 µm 

AMAD  
10-20 µm 

Mean sd Mean sd Mean sd Mean sd Mean sd 
Glass roof 0.5 0.1 0.4 0.1 1.4 0.4 1.5 0.4 1.3 0.3 

Smooth metal roof 0.7 0.1 0.5 0.1 1.6 0.4 1.6 0.4 1.3 0.3 

External walls 0.15 0.1 0.03 0.02 0.07 0.04 0.1 0.07 0.05 0.03 
*Values given per area of ground covered by the vegetation. 
Note: typical dry deposition velocities to ref. surface (unit: 10-4 m/s ) are respectively (left to right): 20, 4, 7, 30 and 130.  
 
Contaminant mobility 
A series of formulas describing the decline in contamination on and/or dose rate from different 
types of surface in an inhabited area, including parametric uncertainties, are reported in 
Hinrichsen & Andersson (2019a) on the basis of the work carried out in the CONFIDENCE 
project.  In this paper, only a few examples of this work are mentioned.  As demonstrated by 
Hinrichsen & Andersson (2019a), at least in some types of scenarios, the dose contributions 
from contaminated soil and roofs of dwellings would be of major importance, and these are 
therefore in focus in this paper.       
 
ROOFS: Measurements made in Denmark over almost 15 years following the Chernobyl 
accident of the radiocaesium contamination level on different common roof materials 
(concrete, slate, clay tile) revealed that whereas the initial retention on the roof of contaminants 
after a wet deposition process varies considerably between these roofing materials, the 
following long-term weathering rates were in the Chernobyl case recorded to vary rather little 
between the examined range of materials (Andersson, 2009).  Other, shorter time-series of 
measurements made elsewhere in Europe support the general validity of these findings.  A 
common feature of these materials is that they generally contain minerals, which selectively 
and strongly fix and retain caesium cations.  Other radionuclide ions would be expected to be 
less strongly held (Hinrichsen & Andersson, 2019a).  ERMIN uses weathering data based on 
the Chernobyl time series caesium measurements (Andersson, 2009) for all radionuclides in 
ionic form for these types of roof materials.  This may lead to conservative estimates of long 
term doses for other radionuclides, which are in reality weathered off faster.  However, the 
physical half-lives of other radionuclides that would on the basis of past experience be 
expected to be potentially released in relatively large amounts and could impinge on external 
dose are considerably shorter than that of 137Cs, and caesium is among the more volatile 
elements with generally comparatively high release probability. 
               
The empirical formula thus applied in ERMIN for all contaminant ions deposited in more or less 
readily soluble form on many types of roofs (clay, concrete, slate) is: 
 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  (f1 · exp(-Ln2 ·  t /Tw1) + f2 · exp(-Ln2 ·  t /Tw2)),                               
 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration 
after the deposition process, T½ is the physical half-life of the radionuclide, f1 is the fraction 
(on average ca. 0.5 on these roof types; estimated standard deviation 0.1) of the contamination 
removed with a short half-life of Tw1 (ca. 730 days; estimated standard deviation 85 days),  and 
f2 is the fraction (1- f1) of the contamination removed with a longer half-life of Tw2 (on average 
ca. 35 years; estimated standard deviation 7 years).  Also sandstone roof tiles contain intact 
micaceous substances (Hinrichsen & Andersson, 2019a), and would be expected to retain 
caesium in the same way. 
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The exception regarding radionuclide ions concerns very smooth (non-porous) surfaces, 
where experimentation suggests that the weathering of cationic caesium (and very likely also 
other ions) on a glass roof would occur with a half-life of the order of 95 days, and investigations 
from the European ECP-4 project suggest a similar value for smooth (uncorroded) metal roof 
covers (Hinrichsen & Andersson, 2019a).     
 
Regarding low solubility particle contamination, these types of surfaces would not constitute 
an environment that could over a reasonable time (compared with weathering half-lives) lead 
to very much fuel particle dissolution (Hinrichsen & Andersson, 2019a).   For the 
parameterisation time series data exists for Chernobyl lanthanum and barium, associated with 
2-5 µm particles, as measured on roof pavings (concrete, slate, clay tile) in Denmark.   These 
contaminants were found to be weathered off the surface much more rapidly than caesium 
(Hinrichsen & Andersson, 2019a).  A reasonable weathering half-life, Tw3, would on the basis 
of that data seem to be of the order of 100 days.   A probably dose conservative estimate of 
the weathering half-life for 5-10 µm (and larger) particles would judging from the data for paved 
horizontal surfaces be expected to be of the order of 60 days.  The general formula for 
contaminants deposited in fuel particle form becomes: 
 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  exp(-Ln2 ·  t /Tw3)                                
 
SOIL: The concentration of contaminants in soil is described in ERMIN as a function of time 
and vertical soil depth by a convection-dispersion model (Hinrichsen & Andersson, 2019a): 
 

C(x, t) = 	C, exp(− ln(2) t/T½)6	
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Here T½ is again the physical half-life, Ds is the effective dispersion coefficient, and vs is the 
convective velocity, defined respectively as  
 

                     
 
where D is the dispersion coefficient, vw is the mean pore water velocity, Kd is the distribution 
coefficient of the contaminant in the soil, ρ is the bulk soil density, and ε is the soil porosity (all 
these parameters vary with soil type). 
   
Before the CONFIDENCE project, only one ‘standard’ soil type was considered in the ERMIN 
model, which obviously meant that the results would be associated with huge uncertainties.  A 
review has now been made of Ds, vs, ρ and ε by soil type on the basis of numerous 
assessments over different parts of Europe (Hinrichsen & Andersson, 2019a).   For 
radiocaesium from Chernobyl, the values of Ds and vs were found to be as shown in Table 2.  
Certain soil clay minerals bind cationic caesium strongly and selectively. The soil classified 
here as ‘sand’ may in reality contain some clay minerals; no texture analysis was reported for 
the soils – only a broad classification. 
 
It should be noted that the values of Ds and vs for e.g. ruthenium and iodine contaminants 
generally differ from those for caesium by orders of magnitude.  In the past, values 
representing caesium have been applied in ERMIN for all contaminants.  
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Naturally, the downward migration of contaminants associated with fuel particles is governed 
by completely different physicochemical processes, and much lower effective diffusion 
coefficients have been recorded for contaminants contained in dispersed fuel particles 
deposited on soil (Hinrichsen & Andersson, 2019a).  For sandy, loamy and peaty soils, these 
were all found to be of the order of 0.015 cm2 per year.  This needs to be built into ERMIN.  
Based on these results, the downward migration of fuel particles is seen to be exceedingly 
slow, and it could only lead to limited conservatism in external dose estimates to assume that 
the particles remain in the very top of the soil until they dissolve over months or years.    
 
However, once the radionuclides are released from the fuel particles, other relevant 
contaminants can generally be expected to migrate much faster than caesium (Hinrichsen & 
Andersson, 2019a). The dissolution of fuel particles in soil has in the Chernobyl case been 
reported to take place according to the formulae below: 
 
If the material was initially oxidised, the dissolution rate constant after deposition in soil will be: 
k (years-1) = 0.6 * 10(-0.15*pH) at pH < 7.0, and k = 0.05 at pH > 7.0    
         
If the material was NOT initially oxidised, the dissolution rate constant after deposition in soil 
will be: k (years-1) = 40 * 10(-0.45*pH) at pH < 6.5, and k = 0.05 at pH > 6.5    

Table 2. Results of a review of values of Ds and vs by soil type in different types of soil, based 
on Chernobyl soluble caesium contamination assessments. 

Soil group GM GSD AM SD Min Max 
Parameter: Ds (cm2 per year) 

All soils 0.22 3.1 0.37 0.4 0.02 1.9 
Clay/Loam 0.20 4.6 0.36 0.3 0.02 0.8 
Sand 0.11 2.3 0.16 0.2 0.03 0.6 
Organic 0.94 1.8 1.07 0.7 0.63 1.9 
Unspecified 0.27 2.6 0.37 0.3 0.04 0.8 

Parameter: vs (cm per year) 
All soils 0.18 3.3 0.27 0.2 0.00 0.9 
Clay/Loam 0.06 17.5 0.24 0.3 0.00 0.6 
Sand 0.15 1.7 0.17 0.1 0.07 0.6 
Organic 0.69 1.6 0.73 0.3 0.40 0.9 
Unspecified 0.22 1.6 0.24 0.1 0.09 0.5 

GM: geometric mean; GSD: geometric standard deviation; AM: arithmetic mean; SD: arithmetic standard deviation. 
 
Discussion / Conclusion: 
 
The paper reports on results from the CONFIDENCE project carried out to improve on the 
reliability and robustness of dose calculation methodologies/data for use in the ERMIN 
inhabited areas external dose model, which is an integral part of the decision support systems 
RODOS and ARGOS.  The work is aimed at providing generic model improvement by 
considering relevant contaminant physicochemical forms and environmental surface types.  
For instance for roof pavings, it is clear that the difference in terms of long-term projected dose 
between a weathering half-life of less than 100 days (for glass/metal surfaces) and a 
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weathering half-life of 35 years (for e.g. clay tiles) is huge.  As demonstrated by Hinrichsen & 
Andersson (2019a), dose contributions from contaminated roof pavings would be dominant in 
some plausible NPP accident contamination scenarios.  Uncertainties are reported on all 
relevant input parameters.  
 
In the CONFIDENCE project the new data was used to predict total doses (including 
uncertainty bands) of a predefined unoptimised recovery strategy (Charnock, 2019), for 
stakeholder discussions.  Such calculations might give the impression that uncertainties on 
some dose contributions are unimportant if the dose contribution from the given surface is 
limited relative to those from other types of surface.  An essential thing to ascertain is of course 
that the recovery strategy can be expected to solve the radiation problem in a satisfactory way 
(i.e. that the residual dose will be lower than an agreed threshold value).  However, as 
demonstrated above, the variation in dose contribution from a specific surface may be 
extremely large depending on contaminant and surface characteristics.  According to ICRP 
recommendations, not only the most effective countermeasure should be applied.  Also other 
countermeasures may contribute to reaching the required dose reduction and should be 
carried out if they are cost-effective.  It is therefore always important to know how much 
treatment of any given surface type would reduce dose.  The cost elements need to be 
remembered in recovery strategy optimization.    
 
It is a frequent misunderstanding that there will be lots of time to plan a recovery strategy 
before its implementation, taking lots of samples and measurements and having lengthy 
stakeholder discussions to be certain to agree on everything.  Since contamination will migrate 
in the environment and become increasingly strongly fixed, the most advantageous 
countermeasures will only be effective over limited time periods.  For instance, if the 
contamination occurs to a grass cover, simply cutting and removing the grass can greatly 
reduce the contamination level, but this must be done before the contaminants are transferred 
to the ground (usually over a period of days to weeks).  Otherwise there will be a much more 
severe problem of soil contamination.  Essentially everyone who has a lawn also has a lawn 
mower, and can readily contribute to the task as a self-help measure.   
 
Also, large amounts of equipment, skilled equipment operators, means for transportation of 
equipment/consumables and waste etc. will for many countermeasures need to be acquired 
and brought to the area.  Planning for how to achieve this in practice is crucial in advance of 
any accident.  A tool like ERMIN is thus of great value both in constructing an operational 
preparedness that can respond effectively and cover to the expected extent, and to secure 
justification and optimization of recovery strategies within the relevant time frame. 
 
Also measurement strategies to guide effective practical implementation of recovery strategies 
are highly important to have in place, as illustrated by the poor results of the ‘hit-and-miss’ 
efforts made after both the Chernobyl and Fukushima accident with essentially sound (in 
theory) countermeasures. The mere fact that we have tools in Europe to facilitate selection of 
potentially efficient recovery strategies does not mean that we would be able to implement the 
strategies properly in practice. 
 
As mentioned above, ERMIN also needs proper conversion factors from contamination level 
to dose rate for a range of representative environment types.  Currently, this type of data is 
only available for very few environment types, which all consist of at least 30 % grassed ground 
surface.  These scenarios must thus in general be characterized as suburban. Recent work by 
Hinrichsen & Andersson (2019b) has produced dose conversion factors for modern urban 
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building environments with much glass construction.  However, the current range of 
environment types is still very limited. 
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